Many approaches have been used to model the performance and efficiency of ozone contactors based on some assumptions to characterize the backmixing in fluids. Recently, computational fluid dynamics (CFD) technique has been proposed to simulate and optimize ozone contactors by calculating residence time distribution of fluid. To improve the ozone contactor performance of Bijianshan Water Treatment Plant in Shenzhen in South China, CFD was used for simulation and development of new optimization measures.
Introduction
Ozonation process, which integrates strong oxidation and disinfection capability of ozone, has become one of the most popular advanced technologies in drinking water treatment and has been put into practice rapidly over the world. To optimize facility design and operation, many approaches have been used to model the performance and efficiency of ozone contactors (Mariñas et al., 1993; Smith and Zhou, 1994) . Generally, these models were based on some assumptions to characterize the backmixing and short circuiting in fluid flow. Recently, computational fluid dynamics (CFD) technique has been proposed to simulate and optimize ozone contactors by calculating residence time distribution of fluids (Cockx et al., 1999; Essemiani et al.; Murrer et al.) . CFD is capable of simulating the performance of an ozone contactor without making assumptions on number of tanks-in-series, or carrying out expensive tracer studies.
In this research, ozone contactors in Bijiashan Water Treatment Plant in Shenzhen in South China is analyzed and optimized by the numerical simulation method of CFD, and a new modification measure of ozone contactor is proposed in this paper.
Ozone contactor description and simplification
There were two ozone contactors and each has a treatment capacity of 1.0 £ 10 5 m 3 /d. Figure 1 shows the ozone contactor design. Several walls divide the inner space of the contactor into chambers, which fell into two categories: aeration chambers (AC) with ozone gas diffusers and non-aeration chambers (NAC) without diffusers. There were two inlet pipes and the effluent went out at the side of the last chamber to biologically activated filters through a square outlet.
A two-dimensional simulation for the contactor was used to simplify the procedure, in which the effluent chamber was not included (Figure 2 ).
To conduct numerical simulation, the contactor was divided into small grids. The quality of the grids plays a significant role in the accuracy and stability of the numerical computation. The attributes associated with grids quality are node point distribution, smoothness, and skewness. In many cases, poor resolution in critical regions can dramatically alter the flow characteristics. In this research, the sizes of grids were from 5 -20 mm, with higher mesh density adjacent to corners, flow turning points, and liquidgas interface.
Model descriptions
Since water in the contactor had a free surface, the volume of fraction (VOF) model was adopted, which was based on continuity and momentum balance equations expressed in two-phase flow. The turbulence model in the continuous phase was RNG k-1 model adapted to two-phase flow. To predict the residence time of fluid, a discrete phase model (DPM) was used to simulate tracer in the contactor (Fluent Inc., 2001) .
Volume of fraction (VOF) model
The VOF formulation relies on the fact that two or more fluids (or phases) are not interpenetrating. For each additional phase added to the model, a variable is introduced: the volume fraction of the phase in the computational cell. In each control volume, the volume fractions of all phases sum to unity. The fields for all variables and properties are shared by the phases and represent volume-averaged values, as long as the volume fraction of each of the phases is known at each location. Thus, the variables and properties in any given cell are either purely representative of one of the phases, or representative of a mixture of the phases, depending upon the volume fraction values.
Turbulence model
The standard k-1 model is a two-equation model in which the solution of two separate transport equations allows the turbulent velocity and length scales to be independently determined. As the strengths and weaknesses of the standard k -1 model have become known, improvements have been made to the model to improve its performance, e.g. RNG k -1 model. The RNG k-1 model was derived using a rigorous statistical technique (called renormalization group theory). It is similar in form to the standard k -1 model, but includes some refinements. For instance, while the standard k -1 model is a high Reynolds number model, the RNG theory provides an analytically-derived differential equation for effective viscosity that accounts for low-Reynolds-number effects. These features make the RNG k-1 model more accurate and reliable for a wider class of flows than the standard k -1 model.
Discrete phase model (DPM)
DPM is a Lagrange model to simulate the discrete phase on the assumption that the volume of liquid drop or bubble (called particles) can be distributed in the continuous phrase uniformly, that is, local volume concentration ratio of particles should be less than 10%. The flow of particles in water was simulated using the DPM model, and then the particle retention time distribution function could be obtained. This function represents the liquid age distribution.
In this research, 2000 particles were dosed instantaneously at the inlet and monitored at the outlet. The particles were set to be water (liquid) with 0.1 mm in diameter, and uniformly distributed at the inlet surface without initial velocity. The residence time of every particle was recorded. Since the discrete phase was negligible compared to continuous phase, it was uncoupled with the continuous phase flow in the simulation.
Boundary setting
The width in Z direction was 11.2 m, and it was assumed that the fluid properties didn't vary dramatically in the Z direction. According to the principle of mass conservation, the mean velocity at the inlet of two-dimensional model was 0.2 m/s. The type of outlet was defined as pressure outlet. Since the distance from the outlet to the designed free surface was 2.5 m, the outlet pressure was set at 2.5 m water head, or 24,500 Pa.
Iteration and convergence
When iteration was carried out, the residual error of the continuous equation was required to be less than 0.001 and others less than 0.0001 when converged, and the flow rate of the inlet and outlet should be balanced with the error less than 0.1%.
Simulation and analysis of ozone contactor Velocity field
For the sake of convenience the ozone contactor shown in Figure 1 was called the original design, or the base case. The simulated velocity contour for flow field of this base case was shown in Figure 3 .
It can be seen that the velocity distribution of internal flow field was rather nonuniform, especially in the first and second non-aeration chamber (see NAC-1 and NAC-2 in Figure 1 ).
The velocity vector chart of the flow field is shown in Figure 4 . The water continued to flow along the bottom of non-aeration chambers when it came from the aeration chamber because of inertia, and ascended when reaching the wall, resulting in short circuiting and backmixing, especially in the first non-aeration chamber (NAC-1).
The contour of Y velocity field reflected the problems more clearly. In a plug flow configuration, the velocity in Y direction in non-aeration chambers should be positive, about 3 £ 10 22 m/s on average. Figure 5 shows Y velocity field larger than 3 £ 10 23 m/s, or 10% of the average value, leaving small or negative velocity field blank. Nearly half the fluid zones of the non-aeration chambers were blank, demonstrating short circuiting and backmixing was quite serious in these locations. About 2000 particles were added instantaneously in the model and most of them were affected to a different degree by the short circuiting, resulting in the large deviation of particle retention time. The cumulative graph from that of the ideal plug flow is shown in Figure 6 . Table 1 shows the hydraulic efficiency of the contactor predicted from the DPM model.
The hydraulic efficiency was quite low with T 10 /HRT of 0.4. Comparison with ozone contactors in other WTPs, the hydraulic efficiency for this plant was rather unsatisfying ( Table 2) .
Optimization of ozone contactor Optimization
A guide plate was designed for optimization in this study. The role of guide plate was to change the direction of fluid and distribute the fluid to the non-aeration chambers more uniformly. The fluid advanced along the bottom of the chamber after flowing into the non-aeration chambers in the original design discussed above, so the guide plates were considered to be installed at the entrance of non-aeration chambers to force the fluid to change direction (Figure 7) . In this case, the fluid was divided by the guide plates into two parts with similar mass flow, and each part occupied a similar volume in the subsequent non-aeration chamber. The two parts of fluid in the subsequent chamber should be distributed as uniformly as possible. Figure 1) The flow field in the non-aeration chambers were improved greatly after installing guide plates. It can be seen from Figures 8 and 9 that the upper one was distributed to the upper right zone of chamber which was not utilized in the base case, and the lower one went ahead along the bottom, and then rose gradually due to the angle of the guide plates (see BC in Figure 7) and was distributed fairly uniformly. The Y velocity contour was made to further the analysis of velocity distribution. Figure 10 shows that most of the space in the non-aeration chambers was positive-going (larger than 6 £ 10 23 m/s, or 20% of the average velocity) and the velocity was distributed uniformly around the average velocity.
The cumulative particle retention time curve (Figure 11 ) shifted from the left to the right obviously compared with the base case ( Figure 5 ). And hydraulic efficiency parameters (Table 3) showed a substantial improvement. For example, T 10 /HRT increased from 0.40 to 0.66, about 73% improvement. 
Discussions
There are many measures for ozone contactor optimization. Two generally considered measures are changing depth/length ratio of a contactor and installing perforated walls. Increase depth/length ratio of chambers makes the fluid in a contactor closer to the plug flow. Fairly high hydraulic efficiency can be obtained using this measure. Referring to the simulation results of McKay (Essemiani et al.) in Table 2 , the value of T 10 /HRT reached 0.86 where the depth/length ratio was 8.3. The disadvantage of this measure is the higher cost due to the requirement of more walls. Perforated walls between two adjacent chambers can distribute fluid more uniformly. However, perforated walls might also increase head loss.
The guide plate proposed in this study is a simple solution for contactor optimization with satisfactory performances and low cost. It has good hydraulic efficiency, and requires no additional cost such as installation of more walls, and, since a guide plate does not block the flow as a perforated wall, it introduces no additional head loss. Another advantage of guide plate attributes to optimization of built ozone contactors. Contrary to the two measures mentioned above, guide plates are easy to install in existing ozone contactors. This measure has been adopted in Bijiashan WTP, in which the plates were made of stainless steel. 
